An isolated swarm of small earthquakes occurred in 1992, near Dongfang on Hainan Island, southern China. The Institute of Geophysics, State Seismological Bureau of China, monitored the swarm with five DCS-302 digital accelerometers for three months from 1992 June 1. 18 earthquakes, with magnitudes M L ranging from 1.8 to 3.6, were well located by five stations, and shear-wave splitting varying azimuthally was analysed on 27 seismic records from these events. The mean polarization azimuth of the faster shear wave was WNW. Time delays between the split shear waves at two stations varied with time and space. The time delays at one station fell abruptly after earthquakes of magnitudes 3.1 and 3.6, but did not change significantly at the second station. This behaviour is consistent with the delay-time changes being caused by changes in the aspect ratio of vertical liquid-filled (EDA) cracks. Thus, the variation in shear-wavesplitting time delay could be due to changes in crustal stress related to nearby smallmagnitude earthquake activity. The connection between earthquake activity and crustal stress variation measured by shear-wave splitting leaves the door open for possible observations of crustal stress transients related to the onset of an earthquake; however, our data cannot be considered as definite evidence for such precursors.
earthquakes, such as this Dongfang swarm, many tens of 1 INTRODUC TION kilometres from other seismic activity, have been observed to show an accumulation of stress before relatively larger earthSeismic shear-wave splitting (shear-wave birefringence) indicating some form of seismic anisotropy is widely observed in the quakes in the sequence (Crampin 1991) . Consequently, isolated swarms may be particularly valuable for investigating earthEarth's crust (Crampin & Lovell 1991) . This is frequently attributed to propagation through distributions of stressquake preparation zones. In this paper, we analyse the waveforms of shear waves above a swarm of small earthquakes aligned intergranular microcracks and intergranular pores, and is known as extensive-dilatancy anisotropy or EDA (Crampin near Dongfang, Hainan Island, southern China, and discuss the characteristics and implications of shear-wave splitting. 1993 , 1994 Crampin, Evans & Atkinson 1984) . Shear-wave splitting in the crust has been observed in China from records of local earthquakes in north China (Yao, Wang & Chen 1992;  2 DATA AND METHODS Gao, Zheng & Sun 1995) , and in northwest and southwest China (Chen 1994) . The direction of the local principal com-2.1 Data pressive stress field was inferred from the polarization direction of the leading (faster) split shear-wave arrivals. Since variations
The Province of Hainan Island is separated from southern in shear-wave splitting have been claimed as earthquake preChina by the Qiongzhong Strait and is the second largest cursors, research into shear-wave splitting is an interesting island in China. Historically, Hainan Island is not an active earthquake region. However, on 1992 January 4 two earthquakes problem for many seismologists. Isolated swarms of small with magnitudes M L =3.4 and 3.7, 30 s apart, occurred near HYPO71. Clear onsets of the waveforms gave hypocentres with horizontal and vertical errors of <0.5 km for most located Banqiao in Dongfang County, western Hainan, and initiated a swarm of small earthquakes that persisted for many events. The event parameters are listed in Table 1 . Fig. 2 of events larger than M L =1.0. Fig. 1 shows the location and magnitude-time sequence of this swarm of small earthquakes. For a more detailed study of the swarm, the Institute of Geophysics, State Seismological Bureau of China, in cooperation with the Seismological Bureau of Hainan Province, deployed five DCS-302 digital 100 sps three-component recorders for three months from 1992 June 1. The stations Banqiao (BAQ), Gancheng (GAC), Lingtou (LIT), Radio Station 871 (R87) and Zhongsha (ZHS) are in a 20-kmdiameter circle around the swarm epicentres. The station coordinates are R87: 18°53.16∞N, 108°39.42∞E; GAC: 18°5 1.18∞N, 108°38.64∞E; BAQ: 18°48.0∞N, 108°41.28∞E; LIT: 18°4 1.2∞N, 108°42.42∞E; ZHS: 18°48.18∞N, 108°46.32∞E. The time service of the recording system is a DCS-302 digital seismograph internal quartz clock of accuracy 10−6. The clock was checked with the BPM time standard once every day, giving a time service less than 0.03 s. The three months of observations recorded 125 small earthquakes, 18 of which were recorded by up to five stations and could be accurately located using * Beijing Time (BJT=GMT+8 hr) this paper, we analyse the shear-wave-splitting characteristics time difference between the faster and slower split shear waves. The method calculates the CCF for a range of values of delay of these 18 events as recorded at stations BAQ and GAC, because the waveform data from these two stations are availtimes for each pair of horizontal-component seismograms systematically rotated into a range of new coordinate axes. able for studies of shear-wave splitting. Fig. 3 shows typical digital acceleration waveforms with clear shear-wave arrivals Fig. 4 shows contours of the CCF processing. The absolute value of the CCF function C(a, t) is normalized and contoured from event No. 04 recorded at these stations.
for a range of rotation azimuths, a, and delay times, t. The values of a and t at which the value of CCF is extreme (or the 2.2 Methodology absolute value is maximum) are the azimuth of polarization of the faster split shear wave, P az , and the time delay, Dt, between Shear waves propagating through the crust are observed to split into two or more phases with different velocities and the split shear waves. Since the original waveforms are acceleration recordings, we integrate the seismograms to obtain approximately perpendicular polarizations due to propagation through the effective seismic anisotropy of stress-aligned microvelocity seismograms. This is easy to do because of the excellent instrumental recording features. We perform the correlation cracks (Crampin 1993 (Crampin , 1994 . In effective seismic anisotropy, the initial shear-wave waveform radiated from the source splits analysis on the velocity seismograms; have shown that analyses of velocity data are consistent with into two nearly orthogonal polarizations that propagate with slightly different velocities along nearly the same ray path to analyses of displacement data. Cross-correlation needs to be applied to shear-wave arrivals the receiver. Consequently, the two waveforms should correlate with each other once the time delay, Dt, has been eliminated.
within the shear-wave window for incidence at the surface. The shear-wave window has angles of incidence less than In this paper, we use the cross-correlation function (CCF) method proposed by to estimate the sin−1(V S /V P ), which is about 35°for a medium with a Poisson's Table 3 . VEL indicates integrated velocity record.
ratio of 0.25. The waveforms of shear-waves recorded outside perpendicular to the faster shear-wave polarization may be this window are severely distorted because of S-to-P converconsidered as the polarization direction of the slower split shear sions (Booth & Crampin 1985) . No detailed velocity structure wave, and we obtain the slower (S) shear wave train (Fig. 5b) . has yet been derived for the Dongfang region, and we use the There is a clear time difference between the split shear waves Hainan-Guangxi velocity model proposed by Fan et al. (1989) ( Fig. 5b) . Here, CCF calculation steps were adopted at one- (Table 2 ) to estimate the incidence and take-off angles of these digital-sample intervals of time shift and 1°intervals of azimuth. events (Liu et al. 1994) . There is a low-velocity sedimentary Normally, the whole shear waveform has to be included within layer at the top of the crust, and we find that the effective the cross-correlation window for calculation. The noise waveshear-wave window can be extended and the recordings used forms should, however, be cut off outside the window as much for shear-wave analysis for angles of incidence out to 46°.
as possible, since they could affect the result. If we correct for the During the three-month recording period, there were 27 threetime delay, that is shift the slower shear-wave seismogram by Dt component seismograms within this window suitable for to make the slower shear-wave arrival coincident with the faster analysis of shear-wave splitting.
wave, the effect of the anisotropy is removed and the polarization diagram shows the clear linear shear-wave polarization radiated from the source (Fig. 5c ).
Examples of CCF analysis
The maximum value of CCF can be obtained from the Polarization diagrams of shear waves may be complicated if we extreme value of C(a, t) or maximum value of |C(a, t)|. The a plot them directly from horizontal shear-wave recordings;
and t of the extreme value of C(a, t) are the desired parameters Fig. 5(a) shows an example. Using the results of CCF calculation, P az and Dt. Since we are seeking the extreme value of CCF, we rotate the horizontal seismograms to the P az direction, that which varies over 360°, this may be negative, as in Fig. 5(d) . is the polarization direction of the faster split shear wave, to
The result shown in Fig. 5 (d) corresponds to that shown in obtain the faster (F) wave train in Fig. 5(b) . The direction Fig. 4(a) . The pattern of time-delay corrections shown in Fig. 5 suggests that this processing method for shear-wave-splitting analysis is satisfactory (see also . faster split shear wave first, and then calculate the extreme value of CCF within this range. Fig. 6 shows four examples of normalized into ms km−1 assuming uniform anisotropy along the ray path. Fig. 7 shows the Dt distribution pattern at each time delays that were obtained in this way. The waveform demonstrates that the procedure we have followed is correct.
station. The range of Dt is similar at BAQ and GAC: it is 2.0-4.1 ms km−1 for BAQ and 1.5-3.4 ms km−1 for GAC. The numbers of records that were located inside the shear-wave 3 MEASURED CHARACTERISTICS OF window at BAQ and GAC are 14 and 13, respectively. We use SHEAR-WAVE SPLITTING 46°as the shear-wave window here; inside this window the waveform is not distorted by surface-refracted waves. The 3.1 Time delays between split shear waves average time delays and standard deviations are 3.4±0.5 (BAQ) and 2.5±0.6 ms km−1 (GAC), and the general average Using the CCF method, we analysed 27 digital seismograms from the 18 well-recorded events in Table 1 , and obtained the value and its standard deviation for the time delays over both stations is 2.9±0.7 ms km−1. parameters listed in Table 3 . The time delays Dt have been 
is the take-off angle from the hypocentre; A z is the epicentre-to-station azimuth; B az is the backazimuth (station to epicentre); P az is the polarization direction of the first (faster) split-shear-wave arrival; Dt is the time delay between faster and slower split shear waves. Event number is the same as in Table 1. average directions of all of P az are similar at BAQ and GAC, although the directions from different stations show some variations.
The polarization azimuths and their standard deviations at BAQ and GAC are 104°±12°and 116°±19°. Fig. 9 shows theoretical shear-wave polarizations of the radiation patterns of events 04, 07 and 18 using the source mechanisms of Liu et al. (1994) calculated by moment tensor inversion techniques, with the polarization P az at both stations superimposed. As has been found elsewhere (Crampin et al. 1986) , there is no regime. The leading shear-wave polarization is introduced by the anisotropy along the ray path.
3.2 Polarization of the faster split shear wave 4 EARTHQUAKE ACTIVITY AND In distributions of EDA cracks, the polarization azimuth of VARIATIONS IN TIME DELAYS BETWEEN the faster split shear wave, P az , is determined by the direction SPLIT SHEAR WAVES of alignment of intergranular microcracks in the rock through which the shear wave propagates. Fig. 8 shows equal-area rose 4.1 A model diagrams of the measured polarization P az . In general, the The time delay of split shear waves, Dt, that is the difference between the arrivals of the faster and slower shear waves, is an important parameter of the crack-induced anisotropy in the crust. The temporal variation of time delay measures the response of microcracks to stress variations in the crust.
Variations of time delays observed in shear-wave splitting before the M=6 North Palm Springs earthquake in southern California, USA, in 1986 (Crampin et al. 1990) can be interpreted as being caused by changes in the crack aspect ratio. Similar variations in the time delays before earthquakes have also been observed before an M L =4 earthquake in California, USA (Liu et al. 1993) , and an M=3.6 earthquake in Arkansas, USA (Booth et al. 1990) . Recently, the stress-induced deformation of intergranular fluid-filled microcracks and intergranular pore space (EDA cracks) has been numerically modelled by Zatsepin & Crampin (1997) . The modelling shows that the immediate effect of an increase in stress is to increase the aspect ratio of the intergranular microcracks, as suggested by Crampin et al. (1990) .
Increasing the microcrack aspect ratio affects split shear waves by modifying the 3-D pattern of time-delay variation. In particular, an increase in aspect ratio increases the time delay between split shear waves in directions more than about 15°to the (vertical ) plane of the microcracks, whereas the delays in directions ±15°either side of the vertical plane remain almost constant. The important distinction is that changes in aspect ratio modify the 3-D pattern as suggested, whereas changes in crack density result in an overall increase or decrease in time delays. Fig. 10 shows the theoretical behaviour of shear waves propagating through aligned microcracks for a variation in aspect ratio (compare Figs. 10a and b) and a variation in crack density (compare Figs. 10a and c) . The behaviour depends strongly on the azimuth of the ray path relative to the orientation (strike) of the aligned cracks. The alignment of microcracks in the model of Fig. 10 is WNW, as given by Figs 8 and 9. GAC were within the shear-wave window. This is supported Figure 9 . Observed shear-wave polarization (solid lines) superimposed on the theoretical behaviour of shear-wave polarization radiated from the four source mechanisms of events 04, 07 and 18 (Liu et al. 1994) . Figure 10 . Equal-area polar projections about the vertical of shear-wave splitting characteristics on propagating through distributions of vertical, parallel, water-filled EDA cracks striking E-W for three crack specifications (Hudson 1981) in the material of layer 1 in Table 2 . (a) Aspect ratio: g=0.01; crack density: e=0.02; (b) g=0.05, e=0.02; (c) g=0.01, e=0.04. Left-hand circles are the polarization of the leading (faster) split shear wave; right-hand circles are the normalized time delays contoured in ms km−1, with cross-sections at azimuths of 0°, 022.5°, 045°, 067.5°and 090°. Ray paths between 15°and 45°to the face of the microcracks are in the black areas. Along any particular azimuth, ray paths within 15°of the crack face are sensitive to changes in crack density and ray paths between 15°and 45°from the crack face are sensitive to changes in aspect ratio. For scale, the inner circle is the theoretical shear-wave window at 35.26°.
Possible interpretation of observed time-delay variations based on the proposed model
by the similarities in the polarizations at the two stations, trast, time delays at GAC show variations with time that are indicated by a series of ramps. which would not be preserved if the arrivals were outside the window. Fig. 11 shows an equal-area projection of P az and Dt Fig. 11 shows that BAQ lies approximately in the 22.5°c ross-section from the normal to the crack plane in Fig. 10 , observed at these two stations. The take-off angle of GAC is larger than that of BAQ and both stations are at different and the nearly constant value of Dt at BAQ suggests that propagation is within 15°of the plane of near-vertical EDA azimuths to the crack strike. Fig. 12 compares the temporal variations of time delays, Dt, at stations BAQ and GAC with cracks, which are seen to vary only if the crack density changes (Fig. 10) . GAC lies approximately in the 45°cross-section in earthquake magnitude and date. The time delays behave quite differently at the two stations. Those at BAQ show no obvious Fig. 10 with incidence angles greater than 15°, and the variations at GAC can be attributed to stress-induced variations correlation with earthquake magnitude or occurrence. In con- With the accumulation of stress in the source zone once more, the Dt observed at GAC again increased slowly. The re-release of stress, after its accumulation to some value, caused the in the aspect-ratio characteristics of ray paths at more than 15°to the plane of EDA cracks.
M L =3.6 earthquake of July 18. Crampin et al. (1990) and Crampin & Zatsepin (1997) discuss the relationship between Analysing the relation between Dt at GAC and the origin time of events, it is found that Dt was at a comparatively high stress variation and shear-wave splitting. They suggest that the increment in time delay between split shear-wave arrivals value in the first half of June, when there was an M L =3.1, and M L =2.4 and three M L =2.5 events. The time delay dropped could be observed during stress accumulation. Crampin (1991) also showed that precursors observed before comparatively abruptly following the last of the three M L =2.5 events (event No. 09). The time delay then increased slowly after mid-June small events are characteristic of isolated swarms. The observations of the Dongfang swarm recorded at stations BAQ and and reached another relatively high value in mid-July, when there was another abrupt drop following an M L =3.6 event GAC might correspond to these suggestions. (event No. 15), as shown in Fig. 12 . These abrupt decreases in time delays associated with a large or larger event are the 5 CRAC K-INDUCED ANISOTROPY IN THE same as have been observed elsewhere (Crampin et al. 1990 ;
UPPER CRUST Booth et al. 1990; Liu et al. 1993) , where they have been interpreted (and modelled by Crampin & Zatsepin 1997 ) as a 5.1 Crack density reduction of aspect ratios following the release of strain by earthquakes.
If we consider the time delays in all 27 records analysed together, we find that the values of Dt during the period of Combining the variation in time delay with the magnitude-time relation of the Dongfang swarm, it is observed that observation are rather concentrated (Fig. 7b) . The average is about 2.9±0.7 ms km−1. Note that, remarkably, a small range the high Dt value in the first half of June corresponds to a period of rather high earthquake activity. A possible interpretof normalized time delays between split shear waves of about 1.5-4.5 ms km−1 is commonly observed (Crampin 1994) . ation is that rather high stress accumulated in the rock mass during this period and that this stress was released leading to Modelling stress-induced changes in the aspect ratio of intergranular fluid-filled microcracks and intergranular pore space high activity in this small swarm. There is a concentration of six earthquakes (after event No. 04) with magnitude between shows that this range is expected in stressed fluid-saturated microcracked rock (Zatsepin & Crampin 1997) . In terms of M L =1.8 and 2.5 immediately before the abrupt decrease (Fig. 12) . Their combined stress release would probably be the EDA theory, the aligned microcracks introduce shear-wave splitting in the crust, and the stress causes the alignment of equivalent to an earthquake of M L =3 or 3.2, say. This might EDA cracks. Fig. 10 shows that a crack density of about 0.02 the success of the CCF technique in measuring reliable shearwave splitting parameters is at least partly due to the Dongfang satisfactorily explains time delays of about 3.3±0.5 ms km−1 along ray paths in the direction of BAQ, and of about swarm being isolated, so that the foci are of limited volumetric extent. This means that there are a limited range of ray paths 2.4±0.7 ms km−1 in the direction of GAC.
to each station, so that the waveforms are comparatively consistent and do not display the structurally induced varia-5.2 Direction of the aligned cracks and the principal bility present in shear waves observed over a wider range of compressive stress ray paths. The limited range of ray paths is also thought to be the reason for the comparatively limited scatter in the Features of the regional principal compressive stress field affect the physical nature of cracks in the crust. The polarization variations in time delay in Fig. 12 compared to previous studies (Crampin et al. 1990; Booth et al. 1990; Liu et al. 1993 ). direction of faster shear waves is parallel to the orientation of EDA cracks, and is parallel to the direction of the regional Finally, we should state that the characteristics of temporal changes in shear-wave splitting at this small isolated swarm principal compressive stress. The average P az determined from this network is about 113°±18°. In terms of EDA theory, the near Dongfang in Hainan, southern China, should maybe not be considered at present as a universal pattern that will appear dominant polarization direction of the faster shear wave should be identical to the direction of the local principal compressive before a large earthquake event. Our interpretation, after all, only shows a possible relation between the temporal changes stress. At the same time, it should also be noted that there was no obvious change of P az during the whole period of obserof shear-wave splitting and earthquake activity. More detailed information on the topography and geology of the site is not vation of three months. We might infer that the direction of principal compressive stress is WNW (113°±18°) in the available due to logistical difficulties, and the waveforms of the small-magnitude earthquake sequence available to us were Dongfang region of Hainan Province. According to studies on the recent tectonic stress field of China and its neighbouring not recorded at a third station to examine the temporal pattern. Also, we do not definitely know the detailed relation regions (Ding 1991), the minimum principal stress (the tension axis) is in a northeasterly direction over Hainan island. These between the accumulation of stress in the source zone and the earthquake activity. However, the observations and explaobservation support our polarization measurements.
nations in this paper may lead to observations that allow temporal changes of shear-wave splitting to be related to the 6 DISCUSSION onset of a larger earthquake, although the observations are from limited data. From the local observations of the Dongfang swarm in Hainan Province, southern China, there were two stations that obtained digital seismic recordings of this sequence within the ACKNOWLEDGMENTS shear-wave window. By analysing the shear-wave splitting of local seismic recordings from the beginning of June to the end The authors wish to express their thanks to Prof. Stuart of August, we have recognized split shear waves clearly from Crampin for very helpful suggestions and for providing Fig. 10 . waveform recordings. In terms of the polarization direction of
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